Abstract Amyotrophic lateral sclerosis (ALS) is characterized by progressive degeneration of lower motor neurons resulting in paralysis and death. Epidemiological and clinical findings suggest that a decline in athletic performance may presage the clinical onset of ALS, but this possibility has not been tested in an animal model. By placing running wheels in each mouse's cage to measure their exercise activity, we show that presymptomatic G93A SOD1 ALS mice are more active runners (15-20 km/day) than control mice (7-9 km/day). The ALS mice then exhibit a sharp decline in daily running distance 10-20 days prior to the onset of clinical disease. Within the group of ALS mice, there were no significant correlations between cumulative lifetime running distance and age at clinical disease onset or age at death, suggesting that amount of exercise did not affect the course of the disease process. Our data show that presymptomatic ALS mice have a propensity for running long distances, and then dramatically reduce the amount they run prior to the appearance of clinical symptoms. The monitoring of voluntary running distance may provide a valuable biomarker to evaluate the efficacy of potential therapeutic interventions for ALS in preclinical studies.
Introduction
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder that primarily affects lower motor neurons resulting in progressive muscle atrophy that eventually leads to respiratory failure and death within 1-5 years (Traynor et al. 2000) . Whereas most cases of ALS occur sporadically with no known cause, approximately 10% of ALS cases are inherited in an autosomal dominant manner. About 20% of these inherited cases are caused by missense mutations in the Cu/Zn superoxide dismutase gene resulting in an adverse gain of function of the SOD1 protein (Pasinelli and Brown 2006) . Epidemiological and experimental findings suggest that individuals with high levels of energy expenditure and/or low levels of energy intake may be at increased risk for ALS (Mattson et al. 2007) . Beginning with the baseball player Lou Gehrig, publicized cases of prominent athletes developing ALS at relatively early ages suggested a possible association between energy expenditure and ALS (Kasarskis and Winslow 1989) . The results of several epidemiological studies (Desport et al. 1999; Scarmeas et al. 2003; Kurzke 1982) , but not others (Longstreth et al. 1998) , were consistent with slender athletes being at increased risk for ALS. Studies of animal models of ALS suggest that a low energy intake exacerbates (Pedersen and Mattson 1999 ) and a high energy intake retards (Mattson et al. 2007; Hamadeh et al. 2005; Dupuis et al. 2004 ) the disease process. However, it remains unclear whether exercise itself is harmful, beneficial or has no affect on ALS risk and/or disease progression (Liebetanz et al. 2004; Kaspar et al. 2005) .
Transgenic mice that express mutant human SOD1 (mSOD1 mice) exhibit progressive clinical and histopathological phenotypes that are quite similar to those of ALS patients (Wong et al. 2002; Lobsiger and Cleveland 2007) . The first clinical signs observed in mSOD1 mice are hind limb clasping and wobbly gait, followed by progressive limb paralysis and death (Kieran et al. 2004) . The ability to quantitatively measure the onset and progression of the disease in mice is important for elucidating underlying cellular and molecular pathogenic events, and for determining when treatments should be administered and if they are effective in treating the disease. Several approaches have been used to establish the symptom onset in ALS mice including rotarod performance, computerized gait analysis, and observations of hind limb clasping and paralysis (Weydt et al. 2003; Wooley et al. 2005; Stam et al. 2008) . However, all of these methods measure the animal's motor function under forced conditions, subjecting the animals to unnecessary stress and requiring significant time to perform each test. In this study, we have developed a method to noninvasively and objectively measure the motor function of each mouse by recording the distance they run in a home cage exercise wheel. We observed that presymtomatic ALS mice voluntarily run further each day than nontransgenic control mice. The ALS mice then exhibit a sharp decline in daily running distance 10-20 days before the onset of motor symptoms. Neither the age of the mice at clinical disease onset nor their progression toward death were associated with cumulative lifetime running distance, suggesting that amount of exercise did not affect the course of the disease process. Therefore, using an in cage running wheel to monitor the decline in spontaneous running can be used as a biomarker to complement traditional motor dysfunction signs in preclinical studies that evaluate the efficacy of therapeutic interventions for ALS.
Methods
Seven-week-old male transgenic mice overexpressing mutant SOD1 (B6SJL-Tg(SOD1*G93A)1Gur/J) and control mice (B6SJL-Tg(SOD1)2Gur/J) were purchased from Jackson Laboratories (Bar Harbor, ME). At 9 weeks of age, the mice were housed singly in cages with exercise wheels (Super Pet, IL) coupled to a bicycle computer (Sigma Sport USA, IL). Maximum speed, average speed, and total running distance were recorded twice per week. The motor function of the mice was also scored twice per week using a 5-point clinical observation of the hind limbs with the following stages: 0, normal gait; 1, single leg limp; 2, single leg paralysis; 3, second leg limp; 4, second leg paralysis. Mice were euthanized when they reached stage 4. Disease onset was when the neurological score = 1, whereas disease progression was the rate (days) it took the mouse to go from a neurological score of 1 to a score of 4.
Statistical analyses were performed using Statview software.
Results
During the first 3 days of being housed in a cage with a running wheel, both mSOD1mice (n = 15) and control mice (n = 16) ran between 4 and 7 km/day (Fig. 1) . Between days 3 and 6, the mSOD1 exhibited a large increase in their daily running distance to an average of more than 15 km/day, and then maintained this high level of running during the ensuing 3 weeks. In contrast, control mice increased their running distance only moderately during between days 3 and 10 to daily distances of 7-9 km/ day and maintained this level throughout the course of the study (Fig. 1) . The difference in voluntary daily running distance between mSOD1 and control mice during days 6-26 was highly significant (P = 0.004). At approximately 86 days of age, the daily running distances of the mSOD1 mice began to plummet at a rate of approximately -0.6 km/day.
We next compared the time courses of changes in daily running distance and average running speed with disease onset and progression (clinical score) in individual mSOD1 mice. Figure 2 shows the normalized measurements for four representative mice. Average daily running began to decline when the mSOD1 mice were 85-95 days old, which is 10-20 days before any clinical symptoms were observed. A decrease in average running speed occurred after the decline in daily running distance and 3-6 days before the onset of motor symptoms (Fig. 2) . These Fig. 1 Presymptomatic ALS mice exhibit a propensity to run long distances, and then undergo a precipitous fall in daily running distance prior to the onset of observable motor impairment.
Comparison of average daily running distances of mSOD1 mice (n = 15) and control mice (n = 16). Values are the mean ± SE. *P \ 0.05 compared to the corresponding value for mSOD1 mice (paired t-tests). **Significant drop from peak running distance of mSOD1 mice (repeated measures ANOVA, P \ 0.05) findings reveal a previously unknown adverse effect of mSOD1 on voluntary running distance that presages subsequent deficits in motor function. Previous studies have suggested that exercise either has no effect or delays disease onset and increases survival in mSOD1 mice (Kaspar et al. 2005; Veldink et al. 2003; Kirkinezos et al. 2003) . First, we separated the running data for mSOD1 mice into two groups corresponding to the five mice with the highest peak daily running distances ([25 km/day) and the five mice with the lowest peak daily running distances (\15 km/day). When these two groups were compared with regards to their ages at disease onset and at death, there were no significant differences between low and high runners (Fig. 3a) . Similarly, there was no significant effect of total presymptomatic running distance (top five mice compared to bottom five mice) on age at disease onset or age at death (Fig. 3b) . Thus, neither age at the onset of clinical disease nor age at death were correlated with total running distance or peak daily running distance prior to disease onset in mSOD1 mice. 
Clinical Onset Death

Age (days)
Presymptomatic running distance A B Fig. 3 Neither age at the onset of clinical disease nor age at death are correlated with total running distance or peak daily running distance prior to disease onset in mSOD1 mice. The five mice that ran the farthest total presymptomatic distance or that had the greatest peak daily running distance were considered high runners and the five mice that ran the least total distance or had the lowest peak daily running distance were considered low runners. There were no significant differences between low and high runners in either age at clinical onset or age at death
Discussion
By monitoring voluntary wheel running of mSOD1 mice, we are able to objectively measure the motor function of the mice without forcing them to perform motor tasks or causing stress. We found that mSOD1 mice progressively reduce the distance they run beginning approximately 2-3 weeks prior to the onset of clinically discernable motor impairment. Running speed also declined prior to the onset of clinical symptoms, but only after a time lag of approximately 1 week after the decline in daily running distance. These findings suggest that the endurance of the mSOD1 mice is first affected resulting in a decreased duration of individual bouts of running (without a reduction in running speed). Previous case studies of human subjects with ALS have suggested that a decline in athletic performance presages the onset of the typical discernable ALS symptoms of muscle weakness and fatigue. The best-known example is that of Lou Gehrig whose batting average declined precipitously in the 2 years prior to his being diagnosed with ALS (Kasarskis and Winslow 1989) . Our findings, therefore, suggest that the monitoring of daily running distance in rodent models of ALS can provide a quantitative measure of disease onset and progression. The ability to detect and quantify a presymptomatic indicator of impending disease onset should provide a valuable experimental tool for future studies of cellular and molecular mechanisms of ALS disease pathogenesis, as well as a marker to evaluate the efficacy of potential therapeutic interventions in preclinical trials. Interestingly, the distances that presymptomatic mSOD1 mice ran (15-20 km/day) were much greater than the distances that nontransgenic control mice of the same genetic background ran (7-9 km/day). This distance is also much greater than the distances that mSOD1 mice have been forced to run in previous studies (Liebetanz et al. 2004; Veldink et al. 2003; Kirkinezos et al. 2003) . The mechanism by which mutant SOD1 promotes increased voluntary running is unknown, but might be related to an increase in motor neuron excitability. Previous studies have shown that motor neurons from presymptomatic mSOD1 mice exhibit increased excitability resulting from increased persistent Na ? currents (Kuo et al. 2005) . Similar increases in the excitability of motor neuron axons have been documented in ALS patients (Vucic and Kiernan 2006; Kanai et al. 2006) . Hyper-excitability of upper motor neurons in the cerebral cortex of ALS patients has also been documented (Zanette et al. 2002) , an alteration that could conceivably promote increased amounts of voluntary exercise and exercise performance. Whether the increased excitability of upper and lower motor neurons contributes to their degeneration in ALS remains unclear. On the one hand the drug riluzole, which reduces the excitability of motor neurons, slows disease progression in mSOD1 mice and in ALS patients (Gurney et al. 1998; Miller et al. 2003) . On the other hand exercise either delays, or has no effect on, disease onset in mSOD1 mice (Kaspar et al. 2005; Stam et al. 2008; Veldink et al. 2003; Kirkinezos et al. 2003) . In this study there were no significant effects of total running distance or peak running distance on the clinical onset or survival of mSOD1 mice, suggesting that voluntary running does not exacerbate the ALS disease process. Several studies of humans have suggested that intense physical activity may increase the risk of ALS (Mattson et al. 2007 ); for example, high performing soccer players may be at increased risk for ALS (Chiò et al. 2005; Wicks et al. 2007 ). Whereas moderate exercise may benefit ALS patients by reducing muscle atrophy (Bello-Haas et al. 2008; Drory et al. 2001 ), exercising to exhaustion may promote excitotoxic degeneration of motor neurons (Cleveland and Rothstein 2001) .
